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Herbivore disturbances, native grass competition
and fire determine biotic resistance of an African
savanna to the invasion of an exotic shrub
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1. Native species have been observed to reduce the invasion success of exotic
plant invaders through competitive interactions. However, the underlying
mechanisms are often poorly understood, e.g. which resources are competed
for, and in which life history stage competitive suppression is most important.
Also, the interplay of competitive interactions with natural disturbances (e.g.
through native large herbivores or fire) is often unclear: do they promote or
inhibit invasions? 
2. We performed two field experiments in natural African savanna grasslands
that are under strong threat of the exotic invasive shrub Chromolaena odorata.
Firstly, we performed an experiment to study seedling performance in native
grassland. We created small-scale soil and grass disturbances mimicking
natural disturbance by large native herbivores and consecutively burned the
grassland to study the interaction with fire. Secondly, we examined the effect
of competition by native grasses on growth, survival and reproduction of
established shrubs, under different water availabilities.  
3. Seedling survival of the invader was severely hampered in undisturbed
savanna grasslands, with mortalities of up to 80% in unburned grasslands and
up to 95% in burned grasslands. Soil disturbance (simulated herbivore tram-
pling) however strongly increased survival, while grass clipping (simulated
grazing) did not. When disturbances were combined, seedling survival of the
invader was highest, both in the burned and unburned savanna.
3. Competition with native grasses reduced the growth of established C.
odorata plants by more than 50%, independent of water availability. Also
reproductive output of C. odorata was severely reduced through competition
with native grasses. However, competitive interactions did not induce higher
mortality rates. This indicates that although growth and reproduction are
slowed down, established C. odorata shrubs are able to persist and reproduce
in grasslands once they are established. As water availability did not affect the
outcome of competition, competition is likely to be for other resources than
water.
5. We show that seedling establishment is the main bottleneck for C. odorata
invasion in natural savanna grasslands. Disturbances might allow seedlings to
escape to the next life stage, where they, although hampered in growth and
reproduction, can persist for prolonged periods of time. Hence, disturbances
created by native herbivores might facilitate the invasion of C. odorata in
natural savanna grasslands and increase post-fire survival. 
6. Synthesis. We conclude that biotic resistance from natural grasslands does
slow down C. odorata establishment, growth and reproductive output, but is
not sufficient to fully inhibit the C. odorata invasion that currently endangers
the biodiversity of African savannas.

Abstract



Introduction 

Understanding the mechanisms that determine biological invasions is of funda-
mental importance to limit their impact on biodiversity and ecosystem functioning
(Mack et al. 2000; Levine et al. 2003; Rejmánek et al. 2005; Richardson & Pysek
2006). A widely accepted view in invasion ecology is that successful invaders, next
to having specific traits that might enhance their competitive ability (Baker 1965;
Rejmanek & Richardson 1996), must overcome biotic resistance, which is defined as
the reduction in invasion success caused by the native community (Levine et al. 2004;
Mitchell et al. 2006). Native species can affect colonising invaders in several different
ways, e.g. through competition, predation, herbivory and/or pathogens (D'Antonio &
Thomsen 2004). However, generalizations are difficult to make, especially as
processes driving invasions are likely to change over time (Dietz & Edwards 2006).

Most work on biotic resistance has focussed on plant competition, especially
related to resistance from plant communities with high species richness and/or func-
tional group diversity (Case 1990; Levine & D'Antonio 1999; Naeem et al. 2000;
Kennedy et al. 2002; Byers & Noonburg 2003; Fargione & Tilman 2005). However,
to what extent and how competition from the resident plant community hampers
invasion is still not fully understood, especially for tropical ecosystems. Many studies
in temperate and Mediterranean grasslands have shown that native plant communi-
ties are able to reduce invasion success by exotic invaders through competitive inter-
actions, but often not completely repel them (Mazia et al. 2001; Corbin & D'Antonio
2004; Cano et al. 2007). Furthermore, interactions with abiotic conditions and/or
disturbances may intensify or reduce competitive interactions between invader and
resident community. Competitive exclusion of exotic plants has been reported from
habitats where invasive plants already struggle to persist due to abiotic constraints,
such as lack of water (D'Antonio 1993; Levine et al. 2004; Going et al. 2009). In
contrast, disturbance may temporarily reduce or suspend competition, hence
increasing susceptibility of communities to invasion (Johnstone 1986; Jesson et al.
2000; Davis & Pelsor 2001). 

Many invasive plants have been suggested to require disturbances to temporarily
lift competition barriers and gain a foothold in the novel environment (Hobbs 1989;
Hobbs & Huenneke 1992; Davis et al. 2000; Sheppard et al. 2002; Barger et al.
2003). Small-scale and short-lived disturbance events can therefore have a dispro-
portionately large effect on invasion success (Davis & Pelsor 2001), for example if
they (briefly) promote the establishment of long-lived species, so-called windows of
opportunity (Johnstone 1986). Especially invaders that are competitively inferior
during a particular life-history stage (e.g. species establishing from seed) can hugely
benefit from small scale, short-lasting disturbances (Seabloom et al. 2003; Loydi &
Zalba 2009). In savannas, frequent disturbances are inherent to the system (Archer
et al. 1996), as fire and grazing or trampling by herbivores may open up grass
swards and create local suitable germination conditions for novel species (Johnstone
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1986; Barger et al. 2003; Loydi & Zalba 2009).  Also large-scale disturbance effects
of fire and herbivory generally create heterogeneous mosaics of woodlands and
grasslands in savannas (Scholes & Archer 1997; Sankaran et al. 2005), that may
have different susceptibilities to exotic plant invasions. 

The effect of competition and disturbance on invasion success is likely to change
with the life history stage of a species, especially in long-lived woody plants (Closset-
Kopp et al. 2007). Woody plants have very different requirements during their life
history and likewise may react differently to competition with resident species and
disturbance, with seedlings in general being the most vulnerable stage. Resident
communities might therefore only be able to successfully reduce invasion success by
exotic plants during certain stages in their life history, e.g. seedling establishment
(Davis & Pelsor 2001; Sheppard et al. 2002; Barger et al. 2003). However, a meta-
analysis by Levine et al. (2004) suggested that effects of biotic resistance acted
mostly on spread and population growth of invasive plants, as seedling establish-
ment and initial colonization are often not completely repelled. 

We studied the combined effects of competition and disturbance during different
life stages of Chromolaena odorata (L.) King & Robinson (Asteraceae), a woody
invader of natural savanna systems in Southern Africa. The species originates from
South and Central America and is rapidly invading a wide variety of (sub)tropical
ecosystems, ranging from tropical rainforests to savannas, in most of the Paleotropics
(McFadyen & Skarratt 1996; Kriticos et al. 2005; Raimundo et al. 2007). In South
Africa this species is highly invasive in natural savannas, where it is thriving under
much drier conditions than where it was previously know to exist (Kriticos et al.
2005). Chromolaena odorata behaves like an herbaceous plant during early life
stages, while transforming into a semi-lignified multi-stemmed climbing shrub 1.5 –
2 m in height at older age. In natural savannas the species preferably grows in moist
environments in broadleaved woodlands, along rivers and forest margins, and occurs
much less in intact grasslands, possibly indicating biotic resistance to invasion of
natural savanna grasslands. The species has a prolific seed production of light wind
dispersed seeds that are also easily dispersed by both mammal fur and vehicle tires
(Blackmore 1998). Chromolaena odorata is a vigorous resprouter and older shrubs
are able to survive severe disturbances, like fire or cutting, and resist abiotic stress,
especially droughts, by quickly regrowing from the basal stems (Devendra et al.
1998). The species is quick to loose its leaves and suffer stem die-back when condi-
tions become bad, re-growing again from the living stems and/or rootstocks when
conditions change. This strategy results in dense monospecific stands of impene-
trable shrubs that form a physical barrier, denying human and animal access to
invaded areas and outshading native vegetation (Goodall & Erasmus 1996). 

In the current study we will test if competition with resident grasses hampers
invasion by C. odorata in different life stages, and if competitive interactions are
modified by natural disturbances or water availability. We performed two field
experiments in a natural savanna reserve in South Africa. Firstly, we studied whether
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small-scale disturbances of the soil and grass layer, simulating herbivore trampling
and grazing, increased seedling performance, and explored how fire and shading by
native savanna trees affected this. Secondly, we studied the effect of competition
with resident grasses on performance of older C. odorata shrubs under different
water availabilities. We hypothesise that (1) C. odorata cannot readily invade intact
savanna grasslands due to competitive interactions with the resident vegetation, and
that effects of competition differ between seedling and adult life stages, (2) small-
scale disturbances, such as created by large herbivores, increase seedling establish-
ment and performance, thereby creating invasion windows for C. odorata, (3)
large-scale disturbances, like fire, have a direct negative effect on seedlings establish-
ment, and (4) effects of competition from the resident vegetation are stronger under
more unfavourable abiotic circumstances, i.e. lower water availability or shading by
native savanna trees.

Methods

Study area
Hluhluwe-iMfolozi Park is a 90 000 ha reserve in Kwazulu-Natal, South Africa, situ-
ated between latitudes 28°00’ and 28°26’ S and longitudes 31°43’ and 32°09’ E.
Annual rainfall is strongly seasonal with most rain falling in the spring and summer,
between October and March. The mean annual rainfall ranges from 1000 mm in the
high altitude regions in the north to 600 mm in the low-lying south-western areas.
Daily maximum temperatures range from 13º to 35ºC. The reserve is of strong
conservation importance because it hosts a rich and complete set of indigenous large
herbivores and carnivores, including Black and White Rhino, Buffalo, Elephant,
Nyala, Lion, Leopard and Wild Dog (Brooks & Macdonald 1983). Hluhluwe-iMfolozi
Park falls within the southern African savanna biome and is characterized by vegeta-
tion types ranging from open grasslands to closed Acacia and broad-leaved wood-
lands (Whateley & Porter 1983). Next to the savanna habitat, fire-sensitive gallery
forests occur in areas with high altitude and rainfall and riverine forests and wetland
communities occur along rivers. Plant species diversity is high with over 1250
vascular plant species recorded, of which almost 400 woody trees and shrubs and
about 150 grass species (Conway et al. 2001). The vegetation of Hluhluwe-iMfolozi
Park has never been subjected to extensive human disturbances (e.g. agriculture)
and vegetation dynamics are primarily driven by rainfall, fire and herbivory. An
important management practice in the reserve is the controlled use of fire to burn
grassland and control woody shrub encroachment. In general fire is confined to the
grassland and open woodland communities, with closed woodland and forests
tending to exclude fire. Controlled burning is generally carried out at the end of the
dry season (July to September) and on average 26% of the surface area of the
reserve is burned each year (Balfour & Howison 2001). 
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Study species
The vegetation of Hluhluwe-iMfolozi Park, particularly in the more mesic areas, is
prone to exotic plant invasions. During the latest survey (Henderson, April 2004)
sixty-three invasive and potentially invasive exotic plants have been recorded in this
park. The most threatening of these include Caesalpinia decapetala, Chromolaena
odorata, Ipomoea carnea subsp. fistulosa, Lantana camara, Montanoa hibiscifolia,
Melia azedarach, Parthenium hysterophorus, Senna bicapsularis, Senna didymobotrya,
Solanum mauritianum, Solanum seaforthianum, Psidium guajava, and Tithonia diver-
sifolia (Macdonald 1983; Macdonald & Frame 1988; Henderson 1989; Henderson
2001). Chromolaena odorata is viewed as the biggest threat to ecosystem functioning
an biodiversity, and is now widespread with about 20% of Hluhluwe (the northern
section of the park) covered with dense infestations (Howison 2009).  These areas
are now under active mechanical and chemical control, however, with limited
success in permanently excluding C. odorata and the species continues to spread in
natural savannas, communal areas and plantations throughout Southern Africa
(Goodall & Erasmus 1996; Van Gils et al. 2004). Current clearing practice consists of
hand-pulling and spraying of seedlings and slashing of established plants followed
by herbicide application to the remaining stumps (Van Gils et al. 2004). In addition,
biological control has been applied on several occasions, but, although promising
biocontrol agents have been tested in laboratories, field trials in savannas with a
distinct wet and dry season have been unsuccessful so far (Kluge 1991; Barreto &
Evans 1996; Zachariades et al. 1999; Muniappan et al. 2005). 

Experimental set-up

SEEDLING EXPERIMENT

In March 2006 we laid out an experiment to test for the effects of soil and grass
disturbance and fire on seedling survival and biomass. Additionally we planted
seedlings under tree canopies of native savanna trees to test for the effects of
shading on seedling performance. The experiment was situated in a natural
encroached grassland dominated by tall bunch grasses near the Hluhluwe Research
Centre in the northern section of the park at about 900 mm/yr average rainfall. The
experiment was set-up according to a randomized block design, with six replicate
blocks of ten plots each. Treatments were allocated randomly and consisted of soil
disturbance, grass clipping, soil disturbance and grass clipping, no disturbance and
shading by a tree canopy. Half of the plots per block were burned. The soil distur-
bance treatment consisted of ploughing small squares of approximately 10 cm3

where all plant parts were removed and soil was loosed up, simulating trampling
effects of large herbivores. The grass disturbance treatment consisted of clipping the
grass short, to a height of approximately 5 cm, simulating grazing by large herbi-
vores. The vegetation was clipped before planting the seedlings and hand-clipped
around the seedlings throughout the course of the experiment. Burning was
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performed in June 2006 by the Working for Fire team under guidance of the park’s
management staff. Each block was burned separately and the fire was a low to
moderately intense grassland fire. 

Plots measured 1 by 2 meters and were surrounded by a 0.5 meter border treated
similarly as the plots to avoid edge effects. In each plot 18 seedlings were planted in
two 1 m2 grids. Seedlings were evenly spaced with 30 cm distance between each
seedling. Lanes of 1 m wide were created between the plots to allow easy access. All
seedlings were collected in the adjacent woodland area, which was cleared of
C. odorata two months before the start of this experiment. Hundreds of seedlings
had newly establishing under and near the litter of the cleared C. odorata bushes.
These seedlings were carefully collected, planted in germination trays for two weeks
before replanting into the plots. Transplanted seedlings (< 6 weeks) were maximum
5 cm in height and had two leaves next to the cotyledons. Dead seedlings were
replaced once, two weeks after initial planting. Plots were watered directly after
seedling transplantation. 

The experiment was monitored for one year and all seedlings were harvested in
March 2007. Monitoring consisted of measuring seedling height and mortality, light
interception and soil moisture. Light interception of the grass canopy was measured
two times in the beginning and end of the experiment using an AccuPAR LP-80 PAR
ceptometer (Decagon Devices, Inc.). The AccuPAR LP-80 measures the photosynthet-
ically active radiation (PAR) in µmol m-2s-1 and calculates leaf area index (LAI).
Measurements were taken above and below the grass canopy to calculate percentage
light interception (% PAR). Volumetric soil water content was measured monthly for
the first 5 months using a Theteprobe ML2x (Delta-T Devices Ltd). Six replicate
measurements were taken per plot. Height of the C. odorata seedlings was measured
and mortality assessed biweekly initially, then with a lower frequency, amounting in
total to 17 measurements over the course of the experiment. After harvesting
seedlings were separated into leaves, stems and roots. Roots were washed and all
plant parts were dried at 70ºC for 48 hours and weighed.

COMPETITION EXPERIMENT WITH ESTABLISHED SHRUBS

From March to June 2005 a field experiment was set up in a natural grassland in
close proximity of the seedling experiment and the Hluhluwe Research Centre (900
mm/yr annual rainfall). The grassland was dominated by the tall bunchgrass species
Cymbopogon excavatus, Panicum maximum, Themeda triandra, Eragrostis curvula and
Chloris gayana and with some invasion of C. odorata. The aim of the experiment was
to test for the effect of competition with native grasses on growth and reproduction
of established C. odorata shrubs under different watering (rainfall) regimes. The
experiment was set up according to a randomized block design, with four replicate
blocks and nine 3×4 m plots per block, each subjected to a water and a competition
treatment. The water treatment consisted of 3 levels: 100% of ambient rainfall, 75%
of ambient rainfall (25% reduction) and 50% of ambient rainfall (50% reduction).
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Figure 4.1 shows the rainfall data at the experimental site for 2005 and 2006. The
competition treatment consisted of natural grassland, natural grassland planted with
C. odorata and a C. odorata monoculture. Plots were spaced one meter apart to avoid
interaction effects and allow easy access. Prior to establishment of the experiment all
large shrubs and C. odorata plants were removed from the experimental area and
one third of the plots were cleared of all vegetation to allow for the set-up of the
C. odorata monocultures. Plots were planted with 12 adult C. odorata shrubs that
were obtained from the direct vicinity of the experiment. We choose plants of similar
age (> 1 year) that were approximately 1m in height with a single lignified stem.
Plants lost their leaves shortly after transplantation due to water stress and addi-
tional water was supplied for the first month to enable plants to recover. Water treat-
ments were installed after this recovery period. Different water levels were aimed for
by placing 10 cm wide half-pipes (transversely cut sewage pipes) with and without
10 cm spaced holes at ground level between the vegetation, at a 10 cm distance
from each other (Figure 4.2A). In each plot equal numbers of pipes were evenly
spaced over the plot area, in total covering half of the area of the plot. To account for
the effect of the half-pipes on the vegetation we placed half-pipes in all treatments.
For the 100% water treatment all half-pipes contained holes, allowing all rain to
penetrate into the soil. For the 75% water treatment half of the half-pipes had holes
(Figure 4.2B) and for the 50% treatment none of the pipes had holes. Pipes in the
75% and 50% water treatments were placed tilted by elevating them to 30 cm height
on one side of the plot to facilitate run-off through them (Figure 4.2A). Perpendic-
ular to these pipes at the bottom, we placed another pipe without holes that was
attached to a barrel to collect the run-off, which were emptied regularly outside the
experiment.

The experiment was monitored for nearly two years from July 2005 to February
2007, after which the whole experiment was harvested. During the experiment we
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Figure 4.1 Average monthly rainfall (mm) at the experimental site for 2005 and 2006.  



monitored stem diameter, height, canopy diameter and number of flowering shoots of
individual C. odorata shrubs as well as ambient rainfall and soil moisture. Individual
C. odorata shrubs were measured every month for height, diameter of the canopy at
breast height and number of flowering shoots and every second month for stem
diameter. Ambient rainfall was measured continuously for the duration of the experi-
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Figure 4.2 Lay-out of the watering treatment in the competition experiment with established
Chromolaena odorata shrubs. A: Overview of a 3×4 m plot with the treatment C. odorata monocul-
ture at 75% of ambient rainfall. B: Detail of the half-pipes with and without holes in the same plot.



ment. Volumetric soil water content was measured once per month for the 1st year
using a Theteprobe ML2x (Delta-T Devices Ltd), after which the device broke down.
Six replicate measurements were taken per plot. In February 2007 all above-ground
grass biomass was harvested per plot and weighed. A sub-sample was dried at 70ºC
for 48 hours and weighed to estimate dry weight of the whole plot. Subsequently all
C. odorata shrubs were harvested and separated into leaves, stems and roots. Roots
were washed and all plant parts were dried at 70ºC for 48 hours and weighed.

Data analysis
Seedling experiment. We analysed how the different disturbance treatments (soil
disturbance, grass clipping, soil disturbance and grass clipping, no disturbance and
shading by a tree canopy) affected the abiotic environment using data on light pene-
tration (%PAR penetration) and soil moisture. Data for light penetration was
normalized using square root transformation and %PAR penetration and LAI of the
native vegetation were tested with two-way ANOVA with disturbance treatment and
fire as fixed effects. We only used the light data measured at the end of the experi-
ment to be able to include the post-burn effect. For soil moisture we only had pre-
burn data. We tested for treatment effects using one-way ANOVA, including date as a
random effect.

Seedling survival was tested with Cox regression. In a first analysis we tested the
effects of soil disturbance, grass clipping and fire on seedling survival, excluding the
tree shading treatment from the analysis. In a second analysis differences between
individual disturbance treatments including the effect of tree shading were tested for
non-burned and burned plots separately. 

We assessed growth and allocation of C. odorata seedlings with three-way ANOVA
with soil disturbance, grass clipping and fire as fixed effects, excluding the tree
shading treatment from the analysis. Growth parameters included total biomass,
height and stem diameter at the time of harvest. Allocation parameters included leaf
weight ratio (LWR), stem weight ratio (SWR) and root weight ratio (RWR). These
were calculated by dividing the biomass of each plant part by the total biomass.
Mortalities were excluded in the analyses of the growth parameters, so as not to
confine the data with seedling survival. We tested the effect of tree shading on
growth and allocation of C. odorata against the control plots with one-way ANOVA.
The effect of tree shading was not tested in combination with fire as surviving
seedlings were too few. Block was initially included as a random effect in all
analyses. However, the effect of block and all interactions with block did not test
significant in any of the analyses and was therefore excluded from the final analyses.
All analyses were performed using SPSS 14.0 (SPSS inc., 2005).

Experiment with established shrubs. We tested if treatments affected soil moisture
levels with a two-way ANOVA model, with the competition and water treatment as
fixed effects and date added as a random effect. To quantify the effect of competition
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we calculated the ratio between the mix and monocultures as total aboveground
biomass in mixed cultures / total aboveground biomass in monoculture (Weigelt &
Jolliffe 2003). We tested for differences between mix/mono ratios of C. odorata and
native grasses with independent t-tests with unequal variances. To determine
whether plants were hampered by interspecific competition we performed one-
sample t-tests to test the mix/mono ratio against 1, which is the point where
biomass in the mixed cultures equals biomass in the monocultures and there is no
effect of competition. 

In a second analysis, we analysed the effects of the competition and the water
treatment on C. odorata survival using Cox regression. Finally, we analysed the effect
of the competition and the water treatment on performance of C. odorata with two-
way ANOVA. Block was added as a random factor in the model. Response variables
included total biomass, height and canopy diameter of C. odorata at the time of
harvest and number of flowering shoots per m2. The number of flowering shoots per
m2 was calculated by dividing the maximum number of flowering shoots per plant
during a 4-month flowering period (June-Sept 2006) by the surface area of the
plant. The latter was estimated by regarding the shrub as a cylinder and calculating
the surface area of this cylinder using canopy diameter and height. In order to
measure differences in allocation between individual C. odorata plants, leaf weight
ratio (LWR), stem weight ratio (SWR) and root weight ratio (RWR) were calculated
by dividing the biomass of each plant part by the total living biomass (excluding
dead stems) and tested with the same ANOVA model. Mortalities were excluded in
the analyses on growth and allocation parameters, so as not to confine the growth
and allocation response with survival. 

Results

Seedling experiment
The disturbance treatments significantly affected the light and water conditions in
the plots (LAI: F4,50 = 12.1, p < 0.001, %PAR penetration: F4,50 = 6.97, p < 0.001,
Soil moisture: F4,16 = 20.8, p < 0.001, Figure 4.3). Grass clipping had the largest
effect on the light environment, while soil disturbance mostly influenced the avail-
able moisture levels in the soil. Light penetration to the soil surface was lowest in the
undisturbed grassland and under tree canopies, both of which had highest LAI. Soil
moisture levels were lowest in treatments with soil disturbance, and highest in treat-
ments with disturbance of the grass layer and under tree canopies, suggesting that
disturbance relaxed competition for water. Fire uniformed the grass layer and
decreased the differences between disturbance treatments, except for the tree
shading treatment.

Seedling survival was significantly reduced by fire (Wald = 60.2, p < 0.001,
Figure 4.4), with only 5% of seedlings surviving the first year when the undisturbed
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grassland plots were burned. Soil disturbance significantly increased survival rates
(Wald = 29.1, p < 0.001), while grass clipping did not affect survival (Wald = 0.21,
p = 0.64). C. odorata seedlings had highest survival rates in treatments where both
the soil and the grass layer were disturbed prior to planting, both in the non-burned
plots as well as in the burned plots. The percentage of surviving seedlings was 45%
in the non-burned plots and 22% in the burned plots. Tree shading also positively
affected seedling survival, with 44% of seedlings surviving under tree canopies when
plots were not burned. However, when these plots were burned survival rates
dropped to only 6%. 
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Figure 4.5 shows the effect of the disturbance treatments on growth and alloca-
tion of C. odorata. Total biomass increased under influence of small-scale distur-
bances (Soil disturbance: F1,193 = 10.1, p < 0.01, Grass clipping: F1,193 = 3.40, p =
0.07, Figure 4.5A). Biomass was highest in treatments with both soil disturbance and
grass clipping and lowest in undisturbed grassland. Fire did not affect seedling
biomass. Height was mostly affected by the clipping treatment, which increased
seedling height (F1,193 = 10.6, p < 0.01). Soil disturbance also increased seedling
height, while fire decreased the height (Soil disturbance: F1,193 = 8.80, p < 0.01,
Fire: F1,193 = 8.15, p < 0.01). Stem diameter followed a similar pattern as biomass.
Soil disturbance and grass clipping increased the stem diameter of the seedlings,
while fire did not affect stem diameter (Soil disturbance: F1,193 = 6.50, p = 0.01,
Grass clipping: F1,193 = 6.44, p = 0.01). Leaf allocation (LWR) increased in treat-
ments with a disturbed grass layer and more so after fire (Grass clipping: F1,193 =
4.36, p = 0.04, Grass × fire: F1,194 = 4.63, p = 0.03). Stem allocation (SWR)
increased in treatment with an undisturbed grass layer and when the soil was
disturbed. Fire decreased allocation to stems and after fire the effect of grass clipping
disappeared (Soil disturbance: F1,193 = 7.47, p < 0.01, Grass clipping: F1,193 = 17.2,
p < 0.001, Fire: F1,193 = 20.52, p < 0.001, Grass × fire: F1,193 = 15.9, p < 0.001,
Figure 4.5B). Root allocation  (RWR) showed the opposite pattern and was higher in
treatments with a disturbed grass layer (F1,193 = 8.34, p < 0.01). Seedling invest-
ment in roots increased strongly after fire and more so in treatments with no soil
disturbance or when the grass was clipped. (Fire: F1,193 = 25.2, p < 0.001, Soil ×
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Fire: F1,193 = 6.30, p = 0.01, Grass × fire: F1,193 = 6.79, p = 0.01, Figure 4.5C).
Tree shading increased height of seedlings and allocation to leaves (Height: F1,73 =
4.56, p = 0.04, LWR: F1,73 = 6.65, p = 0.01). Plants invested most biomass in stems
(60%), but relative investment in stems was lower when plants were growing under
a tree canopy than under an undisturbed grass canopy, both of which had similar LAI
and %PAR penetration (SWR: F1,73 = 4.75, p = 0.03). Total biomass, stem diameter
and root allocation were not affected by shading.
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Competition experiment with established shrubs 
Ambient rainfall for 2005 and 2006 at the experimental site was 800 and 1000 mm
respectively (Figure 4.1). Soil moisture did not vary between the 50% and 75%
water treatments, but was significantly higher in the 100% water treatment (F2,24 =
4.75, p = 0.02, Figure 4.6). The competition treatments had a greater effect on the
soil moisture level then the water treatment. The C. odorata monoculture had the
lowest moisture levels and the native grassland the highest moisture levels, all
competition treatments significantly differed from each other (F2,24 = 42.4,
p < 0.001). In all water treatments C. odorata is the inferiour competitor compared
to the resident grasses. The mix/mono ratios were consistently lower for C. odorata,
with an average ratio of 0.42, indicating a more than 50% reduction in biomass in
mix cultures relative to monocultures (Figure 4.7). Competition with native grasses
significantly reduced biomass of C. odorata in all water treatments, as indicated by
mix/mono ratios lower then 1 (50%: t = –7.08, p < 0.01; 75%: t = –9.41, p < 0.01;
100%: t = –7.95, p < 0.01). Native grasses are negatively impacted by C. odorata
only in the 50% water treatment (t = –9.10, p < 0.01), not impacted in the 75%
water treatments (t = –1,21, p = 0.31) and show a trend towards positive interac-
tions in the 100% water treatment (t = 2.49, p = 0.09). 

Survival of C. odorata shrubs was high; 80% in the monocultures and 87.5% in
the mix cultures. Survival was not affected by competition or water treatments
(Competition: Wald = 2.76, p = 0.10; Water: Wald = 0.51, p = 0.48). Total biomass
of C. odorata was significantly reduced in the mix cultures (F1,3 = 279.7, p < 0.001,
Figure 4.8A), while the water treatment did not affect total biomass. Height of
C. odorata shrubs was not affected by the experimental treatments (Figure 4.8B).
Canopy diameter was significantly greater in the monocultures and under higher
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water availabilities (Competition: F1,3 = 33.4, p = 0.01; Water: F2,6 = 6.35, p =
0.03, Figure 4.8C). Number of flowering shoots per m2 was significantly reduced in
the mix cultures (F1,3 = 15.3, p = 0.03, Figure 4.8D). The water treatment did not
affect reproductive output. Relative allocation to individual plant parts was signifi-
cantly affected by competition treatment (LWR: F1,3 = 100.1, p < 0.01, SWR: F1,3 =
41.4, p < 0.01, RWR: F1,3 = 118.1, p < 0.01, Figure 4.8E-G). Stem and root alloca-
tion increased when C. odorata was grown in native grassland, while relative alloca-
tion to leaf mass increased in the monocultures. Allocation did not respond to the
water treatment. 

Discussion

We found that competition with resident grasses reduced the growth and perform-
ance of C. odorata, both for seedlings as well as for established shrubs. This supports
the idea that the native grass community has some biotic resistance to invasion.
Seedling biomass was halved when grown in undisturbed native grasslands and
biomass of older C. odorata shrubs showed an equal reduction when grown in
competition with grasses. However, whereas seedling survival was severely reduced
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when grown in undisturbed grassland, adult survival was not affected by competi-
tion with resident grasses. This suggests that whereas seedling establishment is
highly constrained in savanna grasslands, once the species is established, it is able to
persist in grassland habitat for longer periods of time despite reduced growth and
reproduction. The establishment phase might, therefore, be a greater bottleneck for
C. odorata invasion in natural savanna grasslands then adult survival. Competition
with resident grasses not only affected the growth of C. odorata but also reduced the
reproduction and hence the propagule pressure of this invasive species. The amount
of flowers produced by individuals growing in the grassland plots was nearly halved
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as compared to individuals growing in monocultures. Hence, although competition
by the resident grasses does not completely repel invasion of C. odorata, it slows
down the invasion process, both by impacting seedling survival and by reducing
propagule pressure. 

In South African savannas C. odorata is highly invasive under much drier condi-
tions than where it was previously know to exist (Kriticos et al. 2005). Being mostly
a weed of the wet tropics, with average rainfall exceeding 1500 mm/yr, its invasion
in mesic savannas receiving on average only 600–700 mm annual rainfall (Huntley
1982), indicates that the species is shifting its ecological niche towards drier habitats
(te Beest, unpubl. data). In semi-arid savannas receiving an average rainfall of less
that 600 mm/yr, C. odorata currently does not invade and is confined to the wetter
areas of the habitat, like river valleys and seepage lines. However, as the species is
able persist in these habitats, there is great concern that the species will eventually
be able to spread out from the river valleys and invade these semi-arid savannas and
grasslands as well. This distribution pattern suggests an important role for water in
determining the spread of the species. Therefore, we hypothesised that invasion
success of C. odorata is dependent on the amount of rainfall and that the effects of
competition by the resident grasses on established C. odorata would be inversely
correlated with water availability. However, our results with the established shrubs
growing in competition with grasses showed that growth of C. odorata was equally
impacted in all water treatments, which suggests an effect of competition inde-
pendent of water availability. Performance of resident grasses did show an inverse
correlation with water availability, as grass biomass was significantly reduced in the
50% water treatment. This effect may partly be explained by the fact that C. odorata
is able to tolerate a wider range of water availabilities than the dominant grasses
present. But possibly, due to insufficient success in experimentally reducing the
ambient rainfall, conditions in our experiment did not range from mesic to semi-
arid, but rather from wet to mesic. Probably for that reason we did not find a
response of C. odorata to water availability in this experiment and, although
hampered by competition with native grasses, the species persisted in all treatments.
Summarising, our results show that in wet conditions resident grasses hamper
growth and reproduction of C. odorata, most likely through physical smothering and
root competition. Under dryer, but still mesic conditions, both grasses and C. odorata
perform worse, but C. odorata is still able to persist. Based on its current distribution
it is unlikely for C. odorata to spread further into semi-arid savannas. However, care
should be taken, as C. odorata has previously managed to adapt from wet to mesic
conditions, further shifts in its niche cannot be ruled out. Also, by having a canopy
layered above the grass canopy, C. odorata is likely to exert its negative effect on resi-
dent grasses through superiour competition for light. As light competition is an
asymmetric process, working slowly to the advantage of the species with the higher
canopy (Weiner 1990), in the long term this advantage will enable C. odorata to
invade grasslands, especially in the presence of disturbance. 
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Disturbance is an inherent component of savanna grasslands (Archer et al. 1996).
Not only do herbivores create disturbances through grazing, trampling, wallowing,
urinating or defecating (Hobbs 1996), also fire is an important disturbance in these
grasslands (Bond & Keeley 2005). Previous studies have shown that invasibility of
grassland communities increases with disturbance (Hobbs 1989; Seabloom et al.
2003). Herbivores may play an important role in this, for example by importing
propagules of exotic plants, but also by creating microsites for establishment, in
particular when grazing alters the vegetation structure or when trampling creates
soil disturbances (Hobbs & Huenneke 1992). We hypothesized that small-scale
disturbances created by native herbivores, could create invasion windows for C.
odorata, by increasing seedling establishment and performance. Our data confirms
this hypothesis. Seedling growth and survival increased twofold in treatments with
both soil disturbance (trampling effects) and grass clipping (grazing) as compared to
undisturbed grassland. Apparently, the advantage of having more light outweighs
the disadvantage of having less water. Soil disturbance had the greatest effect on
seedling survival and biomass, possibly reducing competition with resident grasses
and hence creating invasion windows for C. odorata. Indeed previous studies have
shown that ways for an inferiour competitor to become invasive is either through
exploiting disturbances or aided by multiple stable state dynamics (Seabloom et al.
2003) or spatial heterogeneity (Melbourne et al. 2007; Long et al. 2007). 

In savannas fire is an important natural disturbance and regular burning is
thought to hamper establishment of woody species (Bond et al. 2005; Gignoux et al.
2009). Analogue to native woody savanna species, C. odorata seedlings are expected
to be prevented from emerging from the ‘fire trap’, which is the flame zone produced
by grassland fires (Bond & Van Wilgen 1996). We therefore hypothesized that fire
will have a direct negative effect on C. odorata seedlings. Indeed, the effect of fire on
seedling establishment of C. odorata was large. Seedling survival in burned savanna
grassland without small-scale disturbances was only 5%. However, in the presence of
these small-scale disturbances survival rates increased to 22%. Moreover, as average
pre-burn height of surviving seedlings was only 11 cm, C. odorata seedlings might
have a much higher change of surviving fires than previously thought, especially in
the presence of small-scale disturbances as created by herbivores. One explanation
for this might be its vigorous sprouting ability (Devendra et al. 1998). We have
observed re-sprouting of seedlings that only reached a height yet as small as 10 cm
before the fire. The ability of seedlings to re-sprout after cool (grassland) fires greatly
enhances the persistence of the species, especially in regularly burned savannas
(Nzunda et al. 2008; Gignoux et al. 2009). Moreover, the ability to re-sprout may
greatly contribute to the invasiveness of long-lived woody plants as it allows a
species to alternate rapid shoot increase in good periods and dieback under bad
circumstances (Witkowski & Wilson 2001; Closset-Kopp et al. 2007). Through this
strategy individuals may optimise resource allocation, maximise fitness and prevent
themselves from local extinction (Del Tredici 2001; Closset-Kopp et al. 2007).
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Chromolaena odorata is an excellent example of a re-sprouter that is able to optimise
its resource allocation and therefore is able to react highly plastic to its environment
and surviving severe disturbances like fire.

Although seedling survival was significantly reduced in undisturbed grasslands,
still 25% of transplanted seedlings successfully established. Therefore, even though
resistance from mesic savanna grasslands is high and C. odorata is the inferiour
competitor to grasses, it is unlikely that invasion of C. odorata will be repelled. In the
best-case scenario the invasion will merely be slowed down, which is consistent with
other studies of biotic resistance (Levine et al. 2004). The combination of effective
seedling recruitment, coupled with low adult mortality and hence high persistence in
the landscape, could explain the extreme invasive nature of this species. Therefore, it
seems that the classical ecological trade-off between recruitment and persistence
(Bellingham 2000; Bond & Midgley 2001; Schwilk & Ackerly 2005) does not hold
for C. odorata. Although in heterogeneous environments with stochastic disturbance
events like in savannas, this trade-off might be space and time specific and act at the
individual level.
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Top left: Logistics involved with burning the large-scale Maphumulo experiment on a dry, hot and windy
day, from left to right Joris Cromsigt, Jabulani Ngubane, Mariska te Beest and Siboniso ‘Zama’ Zwane.
Top right: the Chromolaena-induced canopy fire. Middle left: Joris Cromsigt and Glen Gunther taking a
break. Middle right: the scorched woodland after the fire went through. Bottom: the same woodland
two years after the fire. Little Chromolaena has returned, the vegetation is mostly dominated by Panicum
maximum and Gomphocarpus physocarpus (milkweed).  




